Using synchrotron small angle X-ray scattering we determine the 'latent' track morphology and their annealing kinetics in the Durango apatite. The latter, measured during ex situ and in situ annealing experiments, suggests structural relaxation followed by recrystallisation of the damaged material. The resolution of fractions of a nanometer with which the track radii are determined, as well as the non-destructive, artefact-free measurement methodology shown here, provides a new means for in-depth studies of ion-track formation in natural minerals under a wide variety of geological conditions. 
Introduction
Minerals, such as apatite (Ca 10 (PO 4 ) 6 (OH, F, Cl) 2 ) and zircon (ZrSiO 4 ), can incorporate and retain trace amounts of uranium and thorium. The spontaneous fission of 238 U leads to two energetic nuclear fragments, which slow down in matter predominantly by electronic excitations and induce narrow cylindrical trails of highly damaged material just a few nanometers in diameter and several micrometers in length, so called 'fission tracks' [1] . At elevated temperatures, these tracks shrink in size and fragment into sections until they are completely annealed [1] . Fission tracks are used for determining the age and thermal history of Earth's crust [2] [3] [4] [5] [6] [7] , and taken together with other techniques, to infer rates of tectonic uplift and landscape evolution [8] . The current fission-track dating technique utilizes chemical etching, which preferentially attacks the radiation-damaged volume in the undamaged bulk, to enlarge the nanometer sized latent tracks such that they can be easily observed by optical microscopy [9] . The number-density and length distribution of an etched-track population correlated with the present uranium content are then used to determine the age and thermal histories of archaeological and geological samples [2] [3] [4] [5] [6] [7] . The etching, however, completely erases the initial damage structure so that essential information on the actual scale of the underlying radiation damage is irrevocably lost. Little is known about the primary, 'latent' damage track, and how its morphology depends on geological parameters such as pressure, temperature and mineral composition [10, 11] . It is precisely this missing information that is required in order to fully interpret and explain the details of fission-track dating and interpretation of etched-track distributions [7, 12] .
The detailed study of ion-track [13] damage is challenging, since the damaged zones are often characterised by only subtle changes when compared with undamaged material. 4 Synchrotron based small angle X-ray scattering (SAXS) therefore becomes a powerful tool for studying ion-track damage, as it is sensitive to small density changes at the nanometer scale that often occur in the damaged regions [14] [15] [16] . Here, we demonstrate the unprecedented precision with which SAXS delivers details of a specific ion-track morphology and its annealing kinetics in high-energy ion irradiated Durango apatite, measured as an average over millions of tracks at a time during ex situ and in situ annealing experiments.
Experimental
We have irradiated samples of 30-40 μm thick Durango apatite at the UNILAC accelerator at the GSI Helmholtz Centre using 2. Additionally, high-resolution transmission electron microscopy was performed on selected samples using a JEOL 2010F instrument operating at 200 kV with minimized electron current density to avoid annealing. Samples were prepared by dispersing crushed fine powders onto a holey carbon grid. conclusions from artificial to natural track properties [7] .
Results and discussion
The utilised fitting model is consistent with the formation of amorphous tracks, which are likely to be characterized by rather abrupt, approximately cylindrical crystalline/amorphous interfaces. Indeed, macroscopic methods such as Rutherford backscattering spectroscopy in channelling configuration and X-ray diffraction have previously indicated amorphisation of apatite materials by swift heavy ion irradiation above a dE/dx threshold value of approximately 5 keV/nm [20] . The formation of amorphous 7 tracks is known for numerous insulators and selected semiconductors and can be explained by a rapid quench of the material from the molten phase. The high electronic excitations induced by the energetic projectile eventually lead to a so-called inelastic thermal spike via electron-phonon coupling. The temperature increase is highly localized around the ion trajectory and may exceed the melting temperature of the material [19] .
TEM can provide detailed information about the structure of individual ion tracks. figure 2 (b) . During TEM imaging, however, prolonged high-current density electron irradiation can lead to an enhanced recrystallisation of amorphous apatite or even bubble formation [21, 22] , which renders in situ annealing experiments with sufficient resolution extremely challenging. Furthermore, when using thin film samples as required for TEM, results can be influenced by the existing proximity of the two surfaces which can be sinks or sources for point defects. SAXS, on the other hand, does not require elaborate sample preparation and measures the bulk properties of a large (~ 10 6 ) ensemble of ion tracks, yielding superior statistics. Moreover, we verified that the Xrays do not induce any measurable changes to the ion tracks by continually exposing a sample to X-rays for 2 hours recording SAXS patterns at regular time intervals. No measurable changes were observed in the scattering intensities. We note that the usual exposure time to obtain a SAXS measurement is between 2 and 10 s. polydispersity in the track radius, and damping as a consequence of amorphous/crystalline track interface roughness [18] , the latter producing the best fits. At temperatures above 400ºC, reliable analysis of the scattering intensities due to the absence of oscillations could not be performed. After annealing at 500ºC no residual scattering could be detected.
Consistent with this observation, no remnants of ion tracks were found by TEM analysis of this sample. The in situ annealing experiments were performed recording the evolution of the scattering intensity over a duration of approximately 6 hours, which is graphed in figure   4 (a). The extracted track radii are plotted in figure 4 (b). Once again, two regimes are apparent, the first characterized by a decrease in the track radius with a rate of ~2×10 -2 nm/min in the first 15 min, followed by a significantly slower, approximately constant rate of ~3×10 -3 nm/min over the remaining duration of the experiment.
A two-stage recrystallization process due to progressive 200 keV electron irradiation has previously been reported for a synthetic apatite structure-type (Sr 2 Nd 8 (SiO 4 ) 6 O 2 ) preamorphized by low energy ion irradiation [21] , which is similar to the process described above. Stage I of the annealing is essentially athermal and consistent with a structural relaxation of the amorphous phase, possibly facilitated by point defect annihilation. A rapid quenching of the liquid phase in the ion track can leave an amorphous phase in a state that relaxes into an energetically more favourable configuration upon annealing below the recrystallization temperature, as reported for semiconductor materials [25] . Stage II of the annealing process, characterized by the higher activation energy and lower rate, is consistent with recrystallization of the amorphous material in the ion track. This is corroborated by the fact that the best fit to the data was achieved with a constant narrow distribution of sharp track radii, although with a roughness parameter that increases with increasing annealing temperature/time. As the ion tracks are not oriented with respect to a particular crystallographic axis or plane, an increase in interface roughness due to intrinsic 10 differences in recrystallization kinetics for different crystallographic directions can be expected. Differences in annealing kinetics of fission tracks with different orientations are well documented for etched tracks in apatite [26] . For annealing up to 400ºC, where reliable analysis of the scattering intensities could be performed, the remaining high anisotropy in the scattering images indicates the absence of significant track fragmentation.
We note that the temperatures in our annealing experiments, leading to recrystallisation of the amorphous material, are significantly lower than the melting temperature of apatite (~1300ºC [27] ), as typical for most solid phase recrystallisation processes.
Conclusions
In conclusion, we have demonstrated that SAXS is a non-destructive technique Apparent is an initially quick reduction of the ion-track radius followed by a slower rate that remains approximately constant over the remaining duration of the experiment.
